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Edited by Michael R. SussmanAbstract MicroRNAs (miRNAs) are a newly discovered class
of non-protein-coding small RNAs with roughly 22 nucleotide-
long. Increasing evidence has shown that miRNAs play multiple
roles in biological processes, including development, cell prolifer-
ation and apoptosis and stress responses. In this research, several
approaches were combined to make computational prediction of
potential miRNAs and their targets in Brassica napus. We used
previously known miRNAs from Arabidopsis, rice and other
plant species against both expressed sequence tags (EST) and
genomic survey sequence (GSS) databases to search for potential
miRNAs in B. napus. A total of 21 potential miRNAs were de-
tected following a range of strict ﬁltering criteria. Using these
potential miRNA sequences, we could further blast the mRNA
database and found 67 potential targets in this species. Accord-
ing to the mRNA target information provided by NCBI (http://
www.ncbi.nlm.nih.gov/), most of the target mRNAs appeared
to be involved in plant growth, development and stress responses.
To validate the prediction of miRNAs in B. napus, we performed
a RT-PCR based assay of mature miRNA expression. Five miR-
NAs were identiﬁed in response to auxin, cadmium stress and
phosphate starvation. So far, little is known about experimental
or computational identiﬁcation of miRNA in B. napus species.
To improve eﬃciency for blast search, we developed an imple-
mentation (miRNAassist) that can identify homologs of miRNAs
and their targets, with high sensitivity and speciﬁcity. The pro-
gram is allowed to be run on Windows Operation System plat-
form. miRNAassist is freely available if required.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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MicroRNAs (miRNAs) are a newly-discovered large family
of 22 nucleotides endogenous small RNAs and derive from
larger precursors that are transcribed from non-protein-coding
genes [1]. The precursors form self-complementary foldback
structures and are processed by a ribonuclease III nuclease
termed Dicer in animals or Dicer-like1 (DCL1) in plants [2].
The mature miRNAs function within large complexes to neg-
atively regulate speciﬁc target mRNAs. Several miRNAs from
animals interact with their targets through imprecise basepair-*Corresponding author. Fax: +86 25 4396450.
E-mail address: zmyang@njau.edu.cn (Z.M. Yang).
1These authors contributed equally to this work.
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doi:10.1016/j.febslet.2007.02.074ing, resulting in arrest of translation [2]. Plant miRNAs gener-
ally interact with their targets through perfect or near-perfect
complementarity and direct mRNA target degradation [3,4].
Due to their evolutional conservation, miRNAs have been
found to exist in both plants [3,5] and animals [6–8]. Conserved
miRNA molecules can also be found in ferns, mosses and fungi
[9,10]. So far, an increasing number of miRNAs have been
identiﬁed and deposited in the major miRNA databases
(http://www.sanger.ac.uk/Software/Rfam/mirna/index.shtml).
Among those, there are 863 plant miRNAs, of which a total of
131 have been found in Arabidopsis thaliana and 242 in Oryza
sativa [11]. A majority of miRNAs can be also found in other
plant species such as maize, soybean and sorghum [11]. Like
animal miRNAs, plant miRNAs exhibit temporal and tissue-
speciﬁc expression patterns [12].
Increasing evidence has demonstrated that both plant and
animal miRNAs negatively regulate the expression of their tar-
get genes [1,13]. Plant miRNAs target a large number of genes
with functions in a range of development processes, including
meristem cell identity [14–16], leaf organ morphogenesis and
polarity [15,17,18] and ﬂoral diﬀerentiation and development
[19,20]. miRNAs are also reported to be involved in plant re-
sponses to biotic and environmental stresses [21–25]. In recent
years, several experimental approaches have been developed to
identify miRNAs. Genetic screening is an initially-used strat-
egy for miRNA identiﬁcation. A good example came from
the identiﬁcation of lin-4 gene in Caenorhabditis elegans [8].
lin-4 was found to be responsible for the phenotype of a mu-
tant with a defective cell lineage. Analysis of lin-4 revealed that
it was a small non-coding RNA. By the similar method, let-7,
another miRNA, was identiﬁed in C. elegans and found to be
conserved among a wide range of phylogenetic taxa [26,27].
Because the method is expensive, time consuming and pro-
duced only a few miRNA genes, it is considered an ineﬃcient
way for miRNA gene discovery [28,29].
To improve discovery of novel miRNAs, an experimental
approach, termed direct cloning, has been recently described
[29–31]. In this approach, small RNAs are ﬁrst isolated in a
denaturing polyacrylaminde gel by size fractionation; then,
these RNAs are ligated to RNA adapters at their 5 0 and 3 0
ends; after that, the fragments are reverse transcribed into
cDNAs; ﬁnally, the ﬁrst strand cDNAs is ampliﬁed by RT-
PCR and sequenced [30]. Because only small RNAs are
separated and screened, this method is considered as a more
eﬃcient way to obtain miRNAs than general genetic screening
[31]. However, this method also has several disadvantages. A
common limitation is the diﬃculty to ﬁnd miRNAs that are
expressed at a low level. Another disadvantage is that someblished by Elsevier B.V. All rights reserved.
F.L. Xie et al. / FEBS Letters 581 (2007) 1464–1474 1465miRNAs may be hard to clone due to their physical properties,
including sequence composition or to post-transcriptional
modiﬁcations, such as editing or methylatoin [29]. Degrada-
tion of RNAs during sample separation may also make the
identiﬁcation useless.
The third approach for ﬁnding new miRNAs is the compu-
tational or bioinformatics approach. This approach is based
on a genome sequence or other databases like expressed se-
quence tags (EST) [32–34]. Since most of known miRNAs is
conserved in related species, it is possible to perform the com-
putational search for miRNAs based on the highly conserved
sequence in the mature miRNAs and long hairpin structures
in miRNA precursors [35]. To date, a number of computa-
tional programs and other tools have been developed and suc-
cessfully predicted miRNA genes in Arabidopsis [35–37], rice
[38–41], maize [33,42], soybean [32], Drosophila melanogaster
[43] and C. elegans [44]. Obviously, the computational or bio-
informatics-based approach is very useful for predicting novel
miRNAs, that usually cannot be detected by the direct cloning,
particularly of those miRNAs at low abundance. The pre-
dicted miRNAs need to be validated by cloning or Northern
blotting experiments [31].
Although hundreds of miRNA have been identiﬁed in recent
years, only a very small amount of miRNAs of plant species
has been discovered and functionally identiﬁed. Many other
miRNA genes remain to be elucidated. Computational strat-
egy for discovery of miRNAs may be successful not only for
these plant species of full genomic and suﬃcient EST database
available, but as well for those with incomplete genomic infor-
mation but with suﬃcient EST sequences available [31]. So far,
a large number of plant miRNAs have been predicted by com-
putational approaches and then validated by molecular identi-
ﬁcations. In contrast, only some were directly isolated and
cloned [31,43]. Brassica napus is one of the most importantly
economical crops in China, Europe and other Asia countries.
In this study, we used all known plant miRNAs (so far publicly
available) from A. thaliana, rice, and other plants to search the
conserved B. napus miRNA homologues in the publicly avail-
able expressed sequence tag (EST) and genome survey se-
quence (GSS) databases (National Center for Biotechnology
Information, NCBI, http://www.ncbi.nlm.nih.gov/). A total
of 21 potential miRNAs were detected. Using the potential
miRNA sequences, we further blasted B. napus mRNA data-
base and found 67 potential miRNA target genes. Most of
the potential mRNAs were found to be involved in regulating
plant development and metabolism.2. Materials and methods
2.1. Databases of miRNAs, EST, GSS and mRNA sequences
To search potential miRNAs, a total of previously known 863 miR-
NAs and their precursor sequences from A. thalianan, Glycine max,
Medicago truncatula, O. sativa, Physcomitrella patens, Populus tricho-
carpa, Saccharum oﬃcinarum, Sorghum bicolor and Zea mays were ob-
tained from miRNA Registry Database (Release 9.0, October 2006;
http://miRNA.sanger.ac.uk) [11]. These miRNAs were deﬁned as a ref-
erence set of miRNA sequences. To avoid the redundant or overlap-
ping miRNAs, the repeated sequences of miRNAs within the above
species were removed and the remaining sequences were used as query
sequences for BLAST search. B. napus expressed sequence tag (EST),
genome survey sequence (GSS), and mRNA databases were obtained
from the National Center for Biotechnology Information (NCBI) Gen-
Bank nucleotide databases (http://ftp.ncbi.nlm.nih.gov).2.2. Availability of software
Comparative software BLAST-2.2.14 was downloaded from NCBI
GenBank. MFold 3.1 from web-side (http://www.bioinfo.rpi.edu/
applications/mfold/rna/form1.cgi) was used on line to analyze sec-
ondary structure of RNAs. BLASTX from web-side (http://
www.ncbi.nlm.nih.gov/BLAST/) was used for analysis of potential
targets [45,46]. In order to improve the eﬃciency of base-pairing iden-
tiﬁcation of miRNAs and targets, a program, named miRNAassist,
was developed for this study. miRNAassist was written in Delphi 7
(Borland Software Corporation, http://www.borland.com). When it
is run on Windows operation system, SQL Server 2000 (Microsoft
Corporation, http://www.microsoft.com/) should be installed as
sequences storage database. miRNAassist is distributed as a stand-
alone executable that does not require users to have Delphi 7.0
installed on their system.2.3. Prediction of miRNAs
Procedure of search for potential miRNAs in B. napus was showed
in Fig. 1. This method used in the study was described by Zhang and
co-workers [33,34] with some modiﬁcations. Brieﬂy, the previously
known miRNAs in other plant species were screened out, and the re-
peat sequences were removed. The remaining miRNA sequences were
subjected to BLAST search for B. napus miRNA homologs against
EST and GSS databases.
Prediction of secondary structure of pre-miRNAs was run on the
web-based software MFOLD 3.1, which is publicly available at
(http://www.bioinfo.rpi.edu/applications /mfold/rna/form1.cgi) [45,46].
The following criteria [47,48] were used for screening the candidates
of potential miRNAs or pre-miRNAs: (1) predicted mature miRNAs
were allowed to have only 0–3 nucleotide mismatches in sequence with
all previously known plant mature miRNAs. (2) pre-miRNAs
sequence can fold into an appropriate hairpin secondary structure that
contains the 22 nt mature miRNA sequence within one arm of the
hairpin. (3) miRNA precursors with secondary structures had higher
negative minimal free energies (MFEs) and minimal free energy index
(MFEIs) than other diﬀerent types of RNAs. (4) miRNA had 30–70%
contents of A + U. (5) miRNA had less than six mismatches with the
opposite miRNA* sequence in the other arm. (6) no loop or break in
miRNA sequences was allowed.2.4. Prediction of targets of miRNA
Previous study has shown that most known plant miRNAs bind to
the protein-coding region of their mRNA targets with perfect or nearly
perfect sequence complementarity, and degrade the target mRNA in a
way similar to RNA interference [35]. The number of allowed mis-
matches at complementary sites between miRNA sequences and poten-
tial mRNA targets was no more than four, and no gaps were allowed
at the complementary sites.2.5. Plant growth and treatment
Seeds of B. napus were surface sterilized and germinated for 3 d in
the dark on a plastic net ﬂoating on the 1/4-strength modiﬁed Hoa-
gland nutrient solution as described previously [49]. After germination,
seedlings were grown at 24 ± 1 C, with a light intensity of 200 lmol/
m2 s and 14 h photoperiod. For stress experiments, seven day old seed-
lings were treated with 80 lM Cd (as CdCl2) for 8 h or 2 lM 1-naph-
thlcetic acid (NAA, Sigma) for 8 h, or phosphate deﬁciency for 48 h in
the 1/4-strength nutrient solution as indicated above. The pH of cul-
ture as well as of treatment solutions was adjusted to 5.6. After treat-
ment, roots were harvested and immediately frozen in liquid nitrogen
or stored at 80 C in a freezer for analysis.2.6. RNA isolation and cDNA synthesis
Total RNAwas isolated from root tissues using Trizol reagent (Invit-
rogen, Carlsbad, CA). cDNA was synthesized by a speciﬁc reverse
transcriptase (RT) primer and reverse transcriptase using the poly(A)-
tailed total RNA as templates [9,50,51]. The RNAs were polyadeny-
lated at 37 C for 60 min in 25 lL reaction mixture with 1.5 lg total
RNAs, 1 mM ATP, 2.5 mMMgCl2 and 2 U poly(A) polymerase (Am-
bion, Austin, TX). Poly(A)-tailed RNA was recovered by phenol/chlo-
roform extraction and ethanol precipitation. Reverse transcription was
performed in 25 lL reaction volume with 12.5 lL ploy (A)-tailed
product, 0.5 mM dNTP, 200 units of M-MLV reverse transcriptase
BLASTX
Blast with itself, remove repeat sequences 
Remove protein-encoding sequences 
Remove repeat sequences 
All previously known plant miRNAs 
GSS Remaining known plant miRNAs EST
Sequences with < 4 mismatches against known miRNAs  Protein database 
Sequences with < 4 mismatches and non-encoding proteins  
Predict secondary RNA structure by mFold 3.1 
Hairpin candidates 
Novel potential miRNAs genes 
BLAST BLAST
Sequences with < 4 mismatches against known miRNAs 
Fig. 1. Procedure of potential Brassica napus miRNA gene search by identifying homologs of previously known plant miRNAs.
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CGAACATGTACAGTCCATGGATAG d(T)30(A,G or C)(A,G,C
or T)-3 0) according to the method as described previously [51].
2.7. miRNA cloning
The obtained cDNA was ampliﬁed using part of predicted miRNA
sequence as sense primer and antisense adaptor primer (5 0-
CGAACATGTACAGTCCATGGATAG-3 0). The sense primers are
as following: miRNA 156a (5 0-TGACAGAAGAGAGTGAGC-30),
miRNA 171 (5 0-TGATTGAGCCGCGCCAAT-30), miRNA 393 (5 0-
TCCAAAGGGATCGCATTG-3 0), miRNA 396a (5 0-TTCCACAGC-
TTTCTTGAA-3 0), miRNA 399 (5 0-TGCCAAAGGAGATTTGC-
CC-3 0).
The resulting PCR products were separated on 12% polyacrylamide
gel with EtBr staining. Then the gel slices containing DNA with a size
about 80 bp were excised and the DNA was eluted into elution buﬀer
(0.5 M NH4Ac, 10 mM Mg(Ac)2, and 1 mM EDTA) at 37 C and
recovered by phenol/chloroform extraction followed by ethanol precip-
itation. The DNA fragments were directly subcloned into PMD18-T
vector (Takara) and sequenced.
2.8. Analysis of mature miRNA expression by RT-PCR
Analysis of mature miRNA expression by RT-PCR was carried out
by the method as described previously [51]. Brieﬂy, the ﬁrst strand
cDNA derived from the total RNA of diﬀerent treatments was used
to analyze transcripts of miRNAs. PCR ampliﬁcation of miRNAs
was carried out using corresponding miRNA sequences as sense prim-
ers indicated above and antisense adaptor primer (5 0-CGAACATG-
TACAGTCCATGGATAG-3 0). The PCR was carried out in 25 lL
solution containing 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 0.01% Gelatin, 0.01% Triton X-100, 0.2 mM dNTP, 2 unitsof Taq DNA polymerase (Takara), and 0.5 lM of primer, under the
following conditions: the ﬁrst denaturation at 94 C for 3 min, fol-
lowed by 25 cycles of: (1) denaturizing at 94 C for 30 s, (2) annealing
at 72 C for 30 s, (3) extension at 65 C for 40 s, and a ﬁnal extension at
72 C for 5 min.
Expression of EF-1a gene (sense 5 0-AGACCACCAAGTACTAC-
TGCAC-3 0) and antisense (5 0-CCACCAATCTTGTACACATCC-3 0)
was performed for cDNA normalization [49].3. Results and discussion
3.1. Identiﬁcation of potential miRNA in B. napus
In this study, we develop an approach and implementation
(miRNAassist) that can identify candidate miRNA homologs
based on a query miRNA, with high sensitivity and speciﬁcity.
The main interface of miRNAassist includes a menu bar com-
prising various menus such as miRNA analysis, predict targets
of miRNAs and precursor. With this computer system, users
can easily select out sequences with 0–4 (or any number) mis-
matches against GSS, EST and mRNA sequences from blast
result and deposit the analytical result into a table. If two or
more databases are used and analytical results are combined,
it can remove repeated sequences within diﬀerent databases.
In addition, miRNAassist can assist in inputting sequences,
which were downloaded directly from GenBank. After intro-
duction of these sequences, miRNAassist can query the se-
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the length of precursors and content of A + U when asked to
analyze MFEIs and can transform sequence into other types.Table 1
Newly identiﬁed miRNAs from EST and GSS of Brassica napus
New miRNAs Gene ID Gene source GSS/EST length (nt) NM (
156a 32517176 EST 694 1
156b 56836871 EST 808 2
159 65299490 EST 697 2
167a 83831616 EST 514 3
167b 83833204 EST 550 3
169 73675582 GSS 808 3
171 73680855 GSS 806 2
172 73675259 GSS 907 3
319 73686429 GSS 801 3
393 73675807 GSS 949 0
396a 21844403 EST 574 0
396b 73680642 GSS 902 0
399 56837961 EST 531 2
400 56836490 EST 461 0
414 56840504 EST 573 1
415 73675575 GSS 956 3
474 95847974 EST 798 3
482a 65296471 EST 364 3
482b 65301066 EST 363 3
529a 29690103 EST 427 3
529b 73674666 GSS 845 3
NM, number of mismatch; LM, length of mature miRNAs; LP, length of p
MFEIs, minimal folding free energy indexes.
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Fig. 2. The newly identiﬁed miRNAs with the diﬀerent number (A) and fam
databases of EST (expressed sequence tags) and GSS (genomic survey s
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/). Sequenc
available at (http://www.sanger.ac.uk/).Since most mature miRNAs are evolutionarily conserved
from species to species within the plant kingdom [31], this
provides a powerful approach to predict the existence of newnt) LM (nt) LP (nt) Side A + U (%) MFEs MFEIs
21 81 5 0 0.57 106.8 3.05
21 173 3 0 0.54 116.2 1.45
20 179 3 0 0.58 114.0 1.50
23 51 3 0 0.53 120.0 4.99
23 51 3 0 0.51 113.3 4.52
21 94 5 0 0.52 103.2 2.29
21 78 3 0 0.58 91.8 2.78
21 122 5 0 0.62 97.6 2.08
20 159 5 0 0.44 124.1 1.39
21 127 5 0 0.66 90.3 2.10
21 117 5 0 0.70 78.4 2.24
21 131 5 0 0.66 92.8 2.06
21 100 3 0 0.57 114.2 2.66
21 78 5 0 0.64 99.6 3.56
21 261 5 0 0.51 125.2 0.99
20 64 5 0 0.63 68.2 2.84
24 193 3 0 0.51 127.4 1.36
17 144 5 0 0.52 71.1 1.03
17 144 5 0 0.52 80.9 1.17
20 157 5 0 0.50 106.2 1.36
19 41 5 0 0.63 72.5 4.83
recursor; C, content of A + U; MFEs, minimal folding free energies;
396 399 400 414 415 474 482 529
 family
ily size (B) in Brassica napus. The prediction was performed using the
equences) which are publicly available in the National Center for
es of miRNAs in Arabidopsis, rice and other plant species are publicly
Fig. 3. Mature and precursor sequences and the predicted stem-loop structures of newly identiﬁed miRNAs in B. napus. The mature miRNAs are in
red and underlined. The actual size of the precursors may be slightly shorter or longer than represented.
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F.L. Xie et al. / FEBS Letters 581 (2007) 1464–1474 1469miRNA orthologs or homologs in other plant species. In this
study, we applied the comprehensive strategy to identify 21 no-vel miRNAs in B. napus by search for both EST and genomic
survey sequence (GSS) databases. Our results show that a total
Fig. 3 (continued )
1470 F.L. Xie et al. / FEBS Letters 581 (2007) 1464–1474of 698 miRNA homologs were initially obtained in the B.
napus species using all previously known A. thaliana, rice
and other plant miRNAs individually against the EST and
GSS databases. Within the 698 miRNAs predicted, 586 miR-
NAs were identiﬁed in 88773 EST search and 112 in 13737
GSS search. The 698 sequences had less than four mismatches
with other known mature miRNA sequences. After removal of
repeat and protein-coding sequences and based on the other
biogenesis and expression criteria (see Section 2), only 21 can-
didates of miRNAs were retained. Among them, 13 miRNAs
were identiﬁed in EST database and 8 miRNAs in GSS data-
base (Table 1).
The 21 identiﬁed sequences containing new miRNAs repre-
sent 16 miRNA families in B. napus (Fig. 2). miRNA 156,
miRNA 167, miRNA 396, miRNA 482 and miRNA 529 have
two members; other miRNA families such as miRNA 159 and
393 have only one member. Note that miRNA 482 in B. napus
was found only to match with its counterpart in Populus
trichocarpa and no such homologs of miRNAs were found in
the other plant species (data not shown). In contrast, miRNA
156, miRNA 167, miRNA 169, miRNA 396 and miRNA 399
in B. napus have been found to have the relatively large num-
ber of homologs of miRNAs in other plant species (data not
shown).
Base on the estimation that approximate 10000 ESTs in
plants contain one miRNA [34], the total of 88773 ESTs in
B. napus should contain 8–9 miRNAs. But in this study, 13miRNAs were found, with about 1.47 miRNAs per 10000
ESTs, showing little higher value than the above. Thus, the
current results conﬁrm that the approach of EST analysis
might be a relatively eﬃcient way to identify miRNAs. It is
shown that the average length of ESTs is 682 nt and the lon-
gest is 956, but most of miRNA precursors have 64–179 nucle-
otides (Table 1). This suggests that the EST may contain other
element sequences in addition to miRNA precursor sequence
[33]. Compared with the nucleotide number of animal miRNA
presursors (typically with 70–80), the plant species miRNA
precursors are more diverse in structure and size (Table 1,
Fig. 3). The length of miRNA precursors in B. napus varied
from 41 to 261 nt, with an average of 121.2 ± 55.1. About
71% of these precursors have 64–173 nucleotides. The diﬀerent
size of the identiﬁed miRNAs within diﬀerent families suggests
that they may oﬀer unique functions for regulation of miRNA
biogenesis or gene expression [34]. The diversity of the identi-
ﬁed miRNAs could be also found in the location of mature
miRNA sequences. It is shown that the sequences of miR-
NA156a, miRNA169, miRNA172, miRNA319, miRNA393,
miRNA396, miRNA400, miRNA414, miRNA415, miR-
NA482 and miRNA529 were located at the 5 0 end of the miR-
NA precursors, while the others were found at the 3 0 end
(Table 1, Fig. 3). Although we have computationally identiﬁed
21 miRNAs, the number of miRNAs discovered is small. As
more ESTs are publicly available, more miRNAs in this plant
species will be found.
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To identify potential regulatory targets, we ﬁrst searched for
B. napus database of mRNAs that were complementary, with
less than four mismatches, to the 21 miRNAs. Gaps, G:U
and other non-canonical pairs were not allowed and considered
as mismatches according to the screening criteria described in
Section 2. Using the 21 newly identiﬁed miRNAs against
mRNA sequences of B. napus, we found 67 target genes (Table
2). There were other 25 targets coding unknown proteins (data
not shown). The diﬀerent mRNA targets can be separated into
several groups. The ﬁrst group contains 25 targets that were
predicted to encode transcription factors. The next group con-
tains miRNA targets coding a range of diﬀerent proteins which
may play important roles in the aspects of metabolisms, devel-Table 2
List of the potential targets of newly identiﬁed miRNAs in Brassica napus
miRNA Targeted protein
156 Squamosa promoter binding protein-homologue (SBP)
DNA binding / transcription factor
169 CCAAT-binding transcription factor (CBF-B/NF-YA)
172 Cysteine-rice RLK 10
319 Putative basic helix-loop-helix DNA binding protein TCP2
393 TIR1 (Transport inhibitor response 1)
414 DNA binding / transcription factor
Transcriptional factor B3 family protein
Cyclin-like F-box; serine/threonine protein phosphatase
NAC-alpha-like protein
Ubiquitin conjugating/activating enzyme
High mobility group B 1 (HMG B1)
Transcription factor/zinc ion binding
RNA binding/nucleic acid binding
Calcium-binding protein
Disease resistance gene homolog 1A
Stress protein DDR48
Chloroplast carboxyltransferase
Putative AAA-type ATPase
Secretory carrier membrane protein
Polygalacturonase; pectinase
Ion channel
HD-tuins protein 3
DNA Helicase
Ribosomal protein L5
ATP binding/aspartate-tRNA ligase/lysine-tRNA ligase
AT4g36980/C7A10_380
482 bHLH transcription factor
Putative retroelement pol polyprotein
Non-LTR retroelement reverse transcriptase-like
Regulatory G-protein signaling
Growth regulating factor 9 (AtGRF9)
Heat shock protein binding/unfolded protein binding componen
PRXR1; peroxidase
529 Transcriptional activator
Kinase-associated protein phosphatase
ACC oxidase
Phytochrome kinase substrate
Peroxidase
Cryptochrome 1
Prohibitin 1-like protein
Protein transporter
50 S ribosomal protein L29
Antiporter/drug transporter
Allantoinase/hydrolase
Aldose 1-epimerase
Seed maturation proteinopment, signal transduction, and stress response. However,
functions of some targets were largely unknown.
In Arabidopsis, there are more than a dozen of squamosa-
promoter binding protein (SBP)-like protein genes that have
been predicted to be targeted by miRNAs 156/157 [4]. Because
homologs of the squamosa-promoter binding proteins are
thought to regulate the Antirrhinum ﬂoral meristem identity
gene SQUAMOSA [52], this suggests that SQUAMOSA may
also be regulated by miR156 in B. napus. miRNA 169 targets
gene that encodes a homologue protein with e-value
1.00E42, which functions as a CCAAT-binding transcription
factor (CBF-B/NF-YA) (Table 2). The same result has been
obtained in Arabidopsis [4]. NF-YA gene had been cloned in
B. napus [53]. We assumed that this target is one member ofTarget function Targeted genes
Transcription factor DY016031, CN7269916, DY011375
Transcription factor CX189447
Transcription factor CN729971
AM265631
Transcription factor DW997605
Transcription factor CN735385
Transcription factor CD813734, CD813552, EG021300
Transcription factor DY006576
Transcription factor CN830845, CX192090
Transcription factor CD817337, CX278819, BQ704332
Transcription factor CD828177, CD838209, CX191506
Transcription factor CD822227
Transcription factor CN736439
Transcription factor DU108472, CN727137
Signal transduction DY005933, AF069772
Stress response AF105139
Stress response BQ704202
Metabolism CN732888
Metabolism CD821476
Metabolism DU108770
Metabolism CX188742
Transport CD822903
CD814734
CD827990
CD819379, CD820855
DU104604
DY005356, CD816058
Transcription factor AJ511991
Metabolism DU100260, DU100750, DU110570,
DU099161, DU099471, DU101620,
DU110345
Metabolism DU107252
Signal transduction DY012593
Signal transduction CD836846
ts Stress response CD824280
Stress response CD815836
Transcription factor DY010678
Signal transduction CD837018
Signal transduction CN727148
Signal transduction CX195938
Stress response CD815462
Stress response AJ704628
Metabolism CB686126
Metabolism CX189279
Metabolism CD838202
Metabolism CD825454
Metabolism CD827485
Metabolism CX189361
Development CD828978, CD835458
Fig. 4. Analysis of transcript amounts of the newly identiﬁed miRNAs
in roots of B. napus exposed to 2 lM 1-naphthylacetic acid (NAA) and
80 lM cadmium (Cd) or under phosphate deprivation (-P). Plants were
grown hydroponically for 7 d and subjected to various treatments as
described in Section 2. RNA was extracted from root tissues. EF-1a
was used for cDNA normalization.
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ubiquitous elements, which are a central regulator of distinct
aspects of embryogenesis, and probably involved in the tran-
scriptional control of genes required for both embryo morpho-
genesis and cellular diﬀerentiation [54].
The basic/helix-loop-helix (bHLH) proteins belong to a
superfamily of transcription factors controlling cell prolifera-
tion and cell lineage establishment [55,56]. In the study, miRNA
319 may target a protein homolog of bHLH, suggesting that the
B. napusmiRNA 319 may also regulate cell proliferation or cell
lineage establishment. miRNA 393 in B. napus was predicted to
target a homologue protein of transport inhibitor response 1
(TIR1) in Arabidopsis, in which miRNA 393 was identiﬁed to
target TIR1 and regulate auxin signaling [23,36]. The F-box
protein TIR1 mediates plant auxin response, and auxin-resis-
tant mutant tir1 leads to a few or few lateral root [57].
There were 32 targets of miRNA 414 detected in B. napus.
These targets were involved in transcriptional factors, signal
transduction and development (Table 2). Of these homologue
proteins, plant high-mobility-group (HMG) chromosomal
proteins are the most abundant and ubiquitous non-histone
proteins found in the nuclei of higher eukaryotes [58]. There
are only two families of HMG proteins, namely, HMGA
and HMGB in plants. Due to their high binding aﬃnity to
DNA, it is suggested that post-transcriptional regulation of
HMG protein family by miRNA 414 may be involved in genet-
ic recombination and transcription in nuclei. B. napus miR-
NAs target genes that control intracellular processes
including calcium signal transduction, ubiquitin protein degra-
dation pathway and transport proteins. Ubiquitin is an impor-
tant gene regulation process at the posttranscriptional level
because it causes protein to degrade [59]. In maize plant, miR-
NA 395 was predicted to be the regulator of a polyubiquitin-
like protein [33]. Here we found that B. napus miRNA 414
can also perfectly complement with the mRNA encoding ubiq-
uitin protein, suggesting that the miRNA may regulate gene
expression at the protein level. In addition, miRNA 414 was
found to target the gene coding calcium-binding protein,
DNA helicase and ion channel.
miRNA 482 and miRNA 529 targets genes coding transcript
factor, signaling protein, and development. Additionally, miR-
NA 414, miRNA 482 and miRNA 529 targets proteins related
to the resistance to disease, heat shock and oxidation. These re-
sults suggest that B. napus miRNAs may be involved in media-
tion of a variety of molecular and physiological responses to
biotic and environmental stresses. One target of miRNA 482
and miRNA 529 was the gene encoding peroxidase. On the ba-
sis of their sequence and catalytic properties, the plant heme-
peroxidase superfamily is conventionally divided into three
classes [60]. Class I includes peroxidases of prokaryotic origin
involved in hydrogen peroxide removal, among which the
ascorbate peroxidases (APXs, EC 1.11.1.11) play a key role
in the detoxiﬁcation processes in both algae and higher plants;
Class II peroxidases are extracellular fungal enzymes mainly in-
volved in lignin degradation; and Class III peroxidases refer to
the classical secretory plant peroxidases (POD, EC 1.11.1.7)
that exist in a large number isoforms and are responsible for
a plethora of physiological functions such as lignin and suberin
deposition, defence against pathogen penetration, biosynthesis
of secondary metabolites, stiﬀening of the cell wall through the
immobilization of extensin and cross-links of matrix polysac-
charides [61–64].3.3. Experimental validation of predicted miRNAs in B. napus
Our computational screen identiﬁed 21 previously unre-
ported B. napus miRNAs with conserved complementarity to
the miRNAs in other plant species. To validate the prediction
of miRNAs in B. napus, the RT-PCR based assay was per-
formed [36,51]. Each PCR used one common primer corre-
sponding to the adaptor oligo attached to the 5 0 end of all
members of RNAs and one primer speciﬁc to the 3 0 end of
the predicted miRNA. By this approach, we were able to detect
a positive signal of the expected size (80 nt, data not shown),
conﬁrming the presence of miRNAs that were computationally
predicted. However, only 5 miRNAs were detected by the PCR
assay. The reasons why 16 miRNAs were missed could result
from the facts: we used only root tissues for validation of pre-
dicted miRNAs, and the missed miRNAs might be present in
leaves, stem or other organs; the abundance of the missed
miRNAs might be too low to be detected in root tissues; and
the missed miRNAs are only expressed in the development or-
gans (e.g. ﬂowering or anther development) rather than in the
seedling roots.
miRNA regulation is not only limited to patterning and cell
cycle control, but as well has a role in environmental and hor-
monal response. A functionally related group of miRNA tar-
gets are those involved in hormone signaling, principally in
signaling by auxin [36,65,66]. Therefore, expression of the ﬁve
miRNAs was performed on samples from the roots subjected
to diﬀerent stresses (NAA, Cd and phosphate deﬁciency). miR-
NA 156, miRNA 171, miRNA 393 and miRNA 396a were
constitutively expressed in roots. However, the accumulation
of its transcripts was suppressed by Cd exposure, but was
not aﬀected by the phosphate deﬁciency (Fig. 4). miRNA
156 and miRNA 393 were also suppressed by NAA treatment,
while miRNA 171 was slightly induced. miRNA 399 was not
aﬀected by either NAA or Cd exposure. In Arabidopsis, miR-
NA 399 was reported to be highly induced under the phos-
phate-starvation [24,67,68]. The constitutive expression of
miRNA399 in transgenic seedlings resulted in suppression of
a putative ubiquitin-conjugating enzyme transcript under the
high Pi. Thus, the plants accumulated more Pi than the wild
F.L. Xie et al. / FEBS Letters 581 (2007) 1464–1474 1473type [24]. The induction of miRNA 399 in B. napus under the
Pi starvation suggests the general response of miRNA 399 to
phosphate stress in plant species.
Acknowledgments:We gratefully acknowledge the technique assistance
of Dr. B.H. Zhang at the Institute of Environmental and Human
Health, Department of Environmental Toxicology, Texicology, Texas
Tech University, Lubbock, TX 79409-1163, USA. This research was
supported by the National Natural Science Foundation of China
(30671249) and the National Natural Science Foundation of Jiang
Su Province, China (BK2006137).References
[1] Bartel, D. (2004) MicroRNAs: genomics, biogenesis, mechanism
and function. Cell 116, 281–297.
[2] Dugas, D.V. and Bartel, B. (2004) MicroRNA regulation of gene
expression in plants. Curr. Opin. Plant Biol. 7, 512–520.
[3] Llave, C., Kasschau, K.D., Rector, M.A. and Carrington, J.C.
(2002) Endogenous and silencing-associated small RNAs in
plants. Plant Cell 14, 1605–1619.
[4] Rhoades, M.W., Reinhart, B.J., Lim, L.P., Burge, C.B., Bartel, B.
and Bartel, D.P. (2002) Prediction of plant MicroRNA targets.
Cell 110, 513–520.
[5] Tang, G., Reinhart, B.J., Bartel, D.P. and Zamore, P.D. (2003) A
biochemical framework for RNA silencing in plants. Genes Dev.
17, 49–63.
[6] Lagos-Quintana, M., Rauhut, R., Lendeckel, W. and Tuschl, T.
(2001) Identiﬁcation of novel genes coding for small expressed
RNAs. Science 294, 853–858.
[7] Lau, N.C., Lim, L.P., Weinstein, E.G. and Bartel, D.P. (2001) An
abundant class of tiny RNAs with probable regulatory roles in
Caenorhabditis elegans. Science 294, 858–862.
[8] Lee, R.C. and Ambros, V. (2001) An extensive class of small
RNAs in Caenorhabditis elegans. Science 294, 862–864.
[9] Arazi, T., Talmor-Neiman, M., Stav, R., Riese, M., Huijser, P.
and Baulcombe, D.C. (2005) Cloning and characterization of
micro-RNAs from moss. Plant J. 43, 837–848.
[10] Axtell, M.J. and Bartel, D.P. (2005) Antiquity of microRNAs and
their targets in land plants. Plant Cell 17, 1658–1673.
[11] Griﬃths-Jones, S., Grocock, R.J., van Dongen, S., Bateman, A.
and Enright, A.J. (2006) miRBase: microRNA sequences, targets
and gene nomenclature. 34, Database Issue, D140–D144.
[12] Carrington, J.C. and Ambros, V. (2003) Role of microRNAs in
plant and animal development. Science 301, 336–338.
[13] Allen, E., Xie, Z.X., Gustafson, A.M. and Carrington, J.C. (2005)
mRNA-directed phasing during trans-acting siRNA biogenesis in
plants. Cell 121, 207–221.
[14] Laufs, P., Peaucelle, A., Morin, H. and Traas, J. (2004)
MicroRNA regulation of the CUC genes is required for boundary
size control in Arabidopsis meristems. Development 131, 4311–
4322.
[15] Mallory, A.C., Dugas, D.V., Bartel, D.P. and Bartel, B. (2004)
MicroRNA regulation of NAC-domain targets is required for
proper formation and separation of adjacent embryonic, vegeta-
tive and ﬂoral organs. Curr. Biol. 14, 1035–1046.
[16] Guo, H.S., Xie, Q., Fei, J.F. and Chua, N.H. (2005) MicroRNA
directs mRNA cleavage of the transcription factor NAC1 to
downregulate auxin signals for arabidopsis lateral root develop-
ment. Plant Cell 17, 1376–1386.
[17] Emery, J.F., Floyd, S.K., Alvarez, J., Eshed, Y., Hawker, N.P.,
Izhaki, A., Baum, S.F. and Bowman, J.L. (2003) Radial pattern-
ing of Arabidopsis shoots by class III HD-ZIP and KANADI
genes. Curr. Biol. 13, 1768–1774.
[18] Juarez, M.T., Kui, J.S., Thomas, J., Heller, B.A. and Timmer-
mans, M.C. (2004) microRNA-mediated repression of rolled leaf
speciﬁes maize leaf polarity. Nature 428, 84–88.
[19] Aukeman, M.J. and Sakai, H. (2003) Regulation of ﬂowering time
and ﬂoral organ identity by a microRNA and its APETALA2-like
target genes. Plant Cell 15, 2730–2741.
[20] Chen, X. (2004) A microRNA as a translational repressor of
APETALA2 in Arabidopsis ﬂower development. Science 303,
2022–2025.[21] Kasschau, K.D., Xie, Z., Allen, E., Llave, C., Chapman, E.J.,
Krizan, K.A. and Carrington, J.C. (2003) P1/HC-Pro, a viral
suppressor of RNA silencing, interferes with Arabidopsis
development and miRNA unction. Developmental Cell 4, 205–
217.
[22] Llave, C. (2004) MicroRNAs: more than a role in plant
development? Mol. Plant Pathol. 5, 361–366.
[23] Sunkar, R. and Zhu, J.K. (2004) Novel and stress-regulated
microRNAs and other small RNAs from Arabidopsis. Plant Cell
16, 2001–2019.
[24] Fujii, H., Chiou, T.J., Lin, S.I., Aung, K. and Zhu, J.K. (2005) A
miRNA involved in phosphate-starvation response in Arabidop-
sis. Curr. Biol. 15, 2038–2043.
[25] Sunkar, R., Kapoor, A. and Zhu, J.K. (2006) Posttranscriptional
induction of two Cu/Zn superoxide dismutase genes in Arabidop-
sis is mediated by downregulation of miR398 and important for
oxidative stress tolerance. Plant Cell 18 (8), 2051–2065.
[26] Pasquinelli, A.E., Reinhart, B.J., Slack, F., Martindale, M.Q.,
Kuroda, M.I., Maller, B., Hayward, D.C., Ball, E.E., Degnam,
B., Muller, P., Spring, J., Srinivasan, A., Fishman, M., Finnerty,
J., Corbo, J., Levine, M., Leahy, P., Davidson, E. and Ruvkun,
G. (2000) Conservation of the sequence and temporal
expression of let-7 heterochronic regulatory RNA. Nature 408,
86–89.
[27] Slack, F.J. (2000) The lin-41 RBCC gene acts in the C. elegans
heterochronic pathway between the let-7 regulatory RNA and the
LIN-29 transcription factor. Molecules Cells 5, 659–669.
[28] Abbott, A.L., Alvarez-Saavedra, E., Miska, E.A., Lau, N.C.,
Bartel, D.P., Horvitz, H.R. and Ambros, V. (2005) The let-7
MicroRNA family members mir-48, mir-84, and mir-241 function
together to regulate developmental timing in Caenorhabditis
elegans. Dev. Cell 9, 403–414.
[29] Berezikov, E., Cuppen, E. and Plasterk, R.H. (2006) Approaches
to microRNA discovery. Nat. Genet. 38, S2–S7.
[30] Lu, C., Tej, S.S., Luo, S., Haudenschild, C.D., Meyers, B.C. and
Green, P.J. (2005) Elucidation of the small RNA component of
the transcriptome. Science 309, 1567–1569.
[31] Zhang, B.H., Pan, X., Cobb, G.P. and Anderson, T.A. (2006)
Plant microRNA: A small regulatory molecule with big impact.
Dev. Biol. 289, 3–6.
[32] Zhang, B.H., Pan, X.P., Wang, Q.L., Cobb, G.P. and Anderson,
T.A. (2005) Identiﬁcation and characterization of new plant
microRNAs using EST analysis. Cell Res. 15, 336–360.
[33] Zhang, B.H., Pan, X. and Anderson, T.A. (2006) Identiﬁcation of
188 conserved maize microRNAs and their targets. FEBS Lett.
580, 3753–3762.
[34] Zhang, B.H., Pan, X., Cannon, C.H., Cobb, G.P. and Anderson,
T.A. (2006) Conservation and divergence of plant microRNA
genes. Plant J. 46, 243–259.
[35] Wang, X.J., Reyes, J.L., Chua, N.H. and Gaasterland, T. (2004)
Prediction and identiﬁcation of Arabidopsis thaliana microRNAs
and their mRNA targets. Genome Biol. 5, R65.
[36] Jones-Rhoades, M.W. and Bartel, D.P. (2004) Computational
identiﬁcation of plant microRNAs and their targets, including a
stress-induced miRNA. Mol. Cell 14, 787–799.
[37] Adai, A., Johnson, C., Mlotshwa, S., Archer-Evans, S., Manocha,
V., Vance, V. and Sundaresan, V. (2005) Computational predic-
tion of miRNAs in Arabidopsis thaliana. Genome Res. 15, 78–91.
[38] Bonnet, E., Wuyts, J., Rouze, P. and Van de Peer, Y. (2004)
Evidence that microRNA precursors, unlike other non-coding
RNAs, have lower folding free energies than random sequences.
Bioinformatics 20, 2911–2917.
[39] Bonnet, E., Wuyts, J., Rouze, P. and Van de Peer, Y. (2004)
Detection of 91 potential in plant conserved plant microRNAs in
Arabidopsis thaliana and Oryza sativa identiﬁes important target
genes. Proc. Natl. Acad. Sci. USA 101, 11511–11516.
[40] Wang, J.F., Zhou, H., Chen, Y.Q., Luo, Q.J. and Qu, L.H. (2004)
Identiﬁcation of 20 microRNAs from Oryza sativa. Nucleic Acids
Res. 32, 1688–1695.
[41] Li, Y., Li, W. and Jin, Y.X. (2005) Computational identiﬁcation
of novel family members of microRNA genes in Arabidopsis
thaliana and Oryza sativa. Acta Biochim. Biophys. Sin. 37, 75–87.
[42] Dezulian, T., Remmert, M., Palatnik, J.F., Weigel, D. and Huson,
D.H. (2006) Identiﬁcation of plant microRNA homologs. Bioin-
formatics 22, 359–360.
1474 F.L. Xie et al. / FEBS Letters 581 (2007) 1464–1474[43] Lai, E.C., Tomancak, P., Williams, R.W. and Rubin, G.M. (2003)
Computational identiﬁcation of Drosphila microRNA genes.
Genome Biol. 4, R42.
[44] Grad, Y., Aach, J., Hayes, G.D., Reinhart, B.J., Church, G.M.,
Ruvkun, G. and Kim, J. (2003) Computational and experimental
identiﬁcation of C. elegans microRNAs. Mol. Cells 11, 1253–
1263.
[45] Mathews, D.H., Sabina, J., Zuker, M. and Turner, D.H. (1999)
Expanded sequence dependence of thermodynamic parameters
improves prediction of RNA secondary structure. J. Mol. Biol.
288, 911–940.
[46] Zuker, M. (2003) Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res. 31, 3406–3415.
[47] Ambros, V., Bartel, B., Bartel, D.P., Burge, C.B., Carrington,
J.C., Chen, X., Dreyfuss, G., Eddy, S.R., Griﬃths-Jones, S.,
Marshall, M., Matzke, M., Ruvkun, G. and Tuschl, T. (2003) A
uniform system for microRNA annotation. RNA 9, 277–279.
[48] Zhang, B.H., Pan, X.P., Cox, B., Coob, G.P. and Anderson, T.A.
(2006) Evidence that miRNAs are diﬀerent from other RNAs.
Cell. Mol. Life Sci. 63, 246–254.
[49] Sun, X.M., Lu, Bo., Xu, L.L., Wang, S.Q., Mehta, S.K. and
Yang, Z.M. (2007) Coordinated expression of sulfate transporters
and its relation with sulfur metabolites in Brassica napus exposed
to cadmium. Botanical Studies 48, 43–54.
[50] Fu, H., Tie, Y., Xu, C., Zhang, Z., Zhu, J., Shi, Y., Jiang, H., Sun,
Z. and Zheng, X. (2005) Identiﬁcation of human fetal liver
miRNAs by a novel method. FEBS Lett. 579, 3849–3854.
[51] Fu, H.J., Zhu, J., Yang, M., Zhang, Z.Y., Tie, Y., Jiang, H., Sun,
Z.X. and Zheng, X.F. (2006) A novel method to monitor the
expression of microRNAs. Mol. Biotechnol. 32, 197–204.
[52] Klein, J., Saedler, H. and Huijser, P. (1996) A new family of DNA
binding proteins includes putative transcriptional regulators of
the Antirrhinum majus ﬂoral meristem identity gene SQUA-
MOSA. Mol. Gen. Genet. 250, 7–16.
[53] Albani, D. and Robert, L.S. (1995) Cloning and characterization
of a Brassica napus gene encoding a homologue of the B subunit
of a heteromeric CCAAT-binding factor. Gene 167, 209–213.
[54] Gusmaroli, G., Tonelli, C. and Mantovani, R. (2001) Regulation
of the CCAAT-Binding NF-Y subunits in Arabidopsis thaliana.
Gene 264, 173–185.
[55] Massari, M.E. and Murre, C. (2000) Helix-loop-helix proteins:
regulators of transcription in eukaryotic organisms. Mol. Cell.
Biol. 20, 429–440.[56] Toledo-Ortiz, G., Huq, E. and Quail, P.H. (2003) The Arabid-
opsis basic/helix-loop-helix transcription factor family. Plant Cell
15, 1749–1770.
[57] Xie, Q., Frugis, G., Colgan, D. and Chua, N.H. (2000) Arabid-
opsis NAC1 transduces auxin signal downstream of TIR1 to
promote lateral root development. Genes Dev. 14, 3024–3036.
[58] Zhang, W.S., Wu, Q., Pwee, K.H. and Manjunatha Kini, R.
(2003) Interaction of wheat high-mobility-group proteins with
four-way-junction DNA and characterization of the structure and
expression of HMGA gene. Arch. Biochem. Biophys. 409, 357–
366.
[59] Moon, J., Parry, G. and Estelle, M. (2004) The ubiquitin-
proteasome pathway and plant development. Plant Cell. 16, 3181–
3195.
[60] De Gara, L. (2004) Class III peroxidases and ascorbate metab-
olism in plants. Phytochem. Rev. 3, 195–205.
[61] Iiyama, K., Lam, T.B.T. and Stone, B.A. (1994) Covalent cross
links in the cell wall. Plant Physiol. 104, 315–320.
[62] Quiroga, M., Guerrero, C., Botella, M.A., Barcelo´, A., Amaya, I.,
Medina, M.I., Alonso, F.J., Milrad de Forchetti, S., Tigier, H.
and Valpuesta, V. (2000) A tomato peroxidase involved in the
synthesis of lignin and suberin. Plant Physiol. 122, 1119–1128.
[63] Pomar, F., Caballero, N., Pedren˜o, M.A. and Ros Barcelo`, A.
(2002) H2O2 generation during the auto-oxidation of coniferyl
alcohol drives the oxidase activity of a highly conserved class III
peroxidase involved in lignin biosynthesis. FEBS Lett. 529, 198–
202.
[64] Awad, H.M., Boersma, M.G., Vervoot, J. and Rietjens, I.M.
(2000) Peroxidase-catalyzed formation of quercetin quinone
methide-glutathione adducts. Arch. Biochem. Biophys. 378,
224–233.
[65] Bonnet, E., Wuyts, J., Rouze, P. and Van De Peer, Y. (2004)
Detection of 91 potential conserved plant microRNAs in Arabid-
opsis thaliana and Oryza sativa identiﬁes important target genes.
Proc. Natl. Acad. Sci. USA 101, 11511–11516.
[66] Kidner, C.A. and Martienssen, R.A. (2005) The developmental
role of microRNA in plants. Curr. Opin. Plant Biol. 8, 38–44.
[67] Chiou, T.J., Aung, K., Lin, S.I., Wu, C.C., Chiang, S.F. and Su,
C. (2006) Regulation of phosphate homeostasis by MicroRNA in
Arabidopsis. Plant Cell 18, 412–421.
[68] Bari, R., Pant, B.D., Stitt, M. and Scheible, W. (2006) PHO2,
microRNA399, and PHR1 deﬁne a phosphate-signaling pathway
in plants. Plant Physiol. 141, 988–999.
